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As sessile organisms, plants use light as an environmental cue to execute their growth and developmental program, from seed germination to stem elongation and even the transition to reproductive growth. Plants contain three known groups of photoreceptors: the phytochromes (phy), the cryptochromes, and the phototropins. The cryptochromes and phototropins are blue/ultraviolet-A (B/UV-A) light receptors, whereas the phytochromes sense primarily red (R) and far red (FR) light (Quail 2002) . Of the five phytochromes that have been characterized in Arabidopsis, only phytochrome A (phyA) mediates the majority of the physiological responses involved in early developmental processes under FR light (Neff et al. 2000) .
Genetic screens have proven to be a powerful approach to investigating the phyA signaling pathway. Under FR light, wild-type seedlings deetiolate and have short hypocotyls because of inhibition by FR. Mutants that are blocked in phyA signaling are impaired in this response, and their hypocotyls continue to elongate under FR. So far, >10 mutants (hy5, fhy1, fhy3, fin219, far1, pat1, rsf1/ hfr1/rep1, laf1, laf3 , and laf6) involved in phyA signaling have been reported (Oyama et al. 1997; Hudson et al. 1999; Bolle et al. 2000; Fairchild et al. 2000; Fankhauser and Chory 2000; Hsieh et al. 2000; Soh et al. 2000; Ballesteros et al. 2001; Desnos et al. 2001; Møller et al. 2001; Zeidler et al. 2001; Wang and Deng 2002; Hare et al. 2003a ). All of these mutants display FR hyposensitivity with respect to hypocotyl elongation, indicating that their encoded factors likely function as positive regulators of phyA signaling. Nevertheless, none of these mutants has hypocotyls as long as a phyA-null mutant under FR light, indicating that phyA signal is distributed through more than one pathway downstream. This view is supported by the observation that a hy5-1hfr1-201 double mutant has an additive phenotype compared with the two single mutants (Kim et al. 2002) . Other than the notion that HFR1 and HY5 control different pathways downstream from phyA, the relationship of the other positive regulators and their relative sites of action downstream from the photoreceptor are beginning to be characterized. Two signaling factors, FHY1 and its ho-molog FHL, likely operate in early steps of phyA signaling as hypocotyl lengths of fhy1 fhl double mutants are indistinguishable from those of phyA in FR (Zhou et al. 2005) . Moreover, it has been reported that the light-induced translocation of phyA into the nucleus occurs through a direct interaction with FHY1/FHL (Hiltbrunner et al. 2005 (Hiltbrunner et al. , 2006 .
Post-translational degradation of positive regulators has recently emerged to be an important regulatory aspect of phyA signaling (Hare et al. 2003b) . Previous genetic screens have yielded two genes, COP1 and SPA1, that encode negative regulators of phyA signaling since mutants deficient in these gene products are FR hypersensitive (McNellis et al. 1994; Hoecker et al. 1998) . COP1 is a RING motif protein (von Arnim and Deng 1993) with E3 ligase activity, and at least three positive regulators of phyA responses, LAF1 (Seo et al. 2003) , HY5 (Saijo et al. 2003) , and HFR1 (Jang et al. 2005; Yang et al. 2005) , have been shown to be ubiquitinated by this E3 ligase in vitro. The bZIP factor HY5 and the bHLH (basic helix-loop-helix) factor HFR1 interact with the COP1 WD40 domain, while the MYB factor LAF1 binds to its RING motif. Consistent with their being COP1 substrates, these three factors colocalize with the E3 ligase in nuclear bodies, which might represent storage sites or sites of factor ubiquitination.
In eukaryotes, the formation of multiprotein complexes involving combinatorial interactions between transcription factors of different families is an important aspect of gene regulation during signaling. The major families of transcription factors in Arabidopsis are AP2/EREBP (APETALA2/ethylene responsive elementbinding protein), MYB-(R1)R2R3, and bHLH (Riechmann et al. 2000) . Interaction between MYB and bHLH factors in the transcriptional control of genes was first reported for anthocyanin biosynthesis in maize (Goff et al. 1992) and subsequently found to operate for anthocyanin biosynthesis in dicots as well (Grotewold et al. 2000; Zimmermann et al. 2004; Quattrocchio et al. 2006) . In all these cases, the MYB/bHLH heterodimers recognize novel cis-elements upstream of promoters. Other than binding to novel cis-elements, there is at least one report that transcription factor interaction (bHLH and Zinc finger protein) may affect their protein stability. Ubiquitination of the oncoprotein Myc by HectH9 E3 ligase is inhibited by the zinc finger protein Miz1 through competitive interaction with HectH9 (Adhikary et al. 2005) .
Among the phyA signaling intermediates identified so far , LAF1 is a MYB transcription activator (Ballesteros et al. 2001 ) while HFR1 is a bHLH protein. In this work, we investigated whether LAF1 and HFR1 control the same or different phyA signaling pathways. Because MYB/bHLH interaction has been previously reported for both plant (Grotewold et al. 2000; Zimmermann et al. 2004; Quattrocchio et al. 2006 ) and animal systems (Kaspar et al. 2005) , we also examined possible LAF1/HFR1 interaction in phyA photoresponses. Here, we show that HFR1 and LAF1 regulate largely independent pathways downstream from phyA.
Moreover, these two factors interact in vitro and in vivo, and one consequence of this interaction is an inhibition of their ubiquitination by the COP1 E3 ligase, leading to a post-translational stabilization of the factors. Figure 1A shows that the RNAimediated silencing was effective in the selected transgenic lines with no detectable LAF1 or HFR1 transcript as monitored by RT-PCR. Phenotypic analysis shows that the double mutants displayed additive phenotype, with hypocotyl lengths longer than those of the single mutants but shorter than those of phyA mutants at low FR fluences (Fig. 1B) . This was the case even at higher FR fluences (Fig. 1C) . To further verify the specificity, we transformed wild-type plants with each RNAi vector. The hypocotyl lengths of single-gene RNAi lines were comparable to either hfr1-201 or laf1 mutants (data not shown).
Results

Altered phyA-dependent gene expression in hfr1laf1 double mutants
We performed Northern blot analyses with four phyAdependent genes-CAB, FNR, RBCS, laf1 , and hfr1laf1 double mutant seedlings grown in darkness for 4 d followed by exposure to FR light for 18 h. Figure 2 shows that expression of these four genes was induced by FR in wild-type (Col and Ler) plants. FR-induced expression of CAB, FNR, and RBCS was reduced in hfr1-201 and laf1 mutants compared with those in wild type. Moreover, expression levels of CAB, FNR, and RBCS were lower in LAF1RNAi/hfr1-201 or HFR1RNAi/laf1 double mutants compared with single mutants (hfr1-201 and laf1). These results indicate that both LAF1 and HFR1 function as positive regulators for gene expression. In contrast to CAB, FNR, and RBCS, CHS expression was reduced in laf1 but increased in hfr1-201. This opposing pattern of CHS expression had been previously described (Soh et al. 2000; Ballesteros et al. 2001) and is consistent with the view that LAF1 functions as a positive regulator while HFR1 functions as a negative regulator. Northern blot analyses of CHS expression in the double mutants support this view ( Fig. 2A,B ).
LAF1 interacts with HFR1
To investigate possible LAF1/HFR1 interaction, we used several MBP (maltose-binding protein) and GST (glutathione S-transferase) fusion proteins for in vitro pulldown assays. Figure 3A shows that GST-HFR1 interacted with MBP-COP1, MBP-HFR1, and MBP-LAF1 but not with MBP-PAT1, another phyA signaling component (Bolle et al. 2000) , nor with MBP alone. GST alone did not pull down any of the MBP fusions mentioned above excluding nonspecific binding. These results indicate that HFR1 can self-associate as well as interact with LAF1. The interaction of HFR1 with COP1 confirms previous observations of in vitro ubiquitination by the E3 ligase (Jang et al. 2005; Yang et al. 2005) . We also confirmed LAF1/HFR1 interaction using LAF1 synthesized by in vitro transcription/translation ( Supplementary Fig.  S1 ).
Next, we generated deletion mutants of each protein to identify their interacting region. The C-terminal region of HFR1, designated HFR1(C), was able to interact with the N-terminal region of LAF1, designated LAF1(N) (Fig. 3B,C) . Note that HFR1(C) is identical to the HFR1(⌬N) that we reported previously (Jang et al. 2005) . We also examined the subcellular location of HFR1 and LAF1 using onion epidermis cells. Coexpression of HFR1-YFP and LAF1-CFP showed that the two proteins localized to the same nuclear bodies (Supplementary Fig. S2 ). LAF1, which is also known as AtMYB18 (Kranz et al. 1998) , shares sequence homology in the R3 domain to those of AtMYB5 and AtMYB75, as well as of rice MYB2 and maize MYB8 (Fig. 3C, panel a) . Using site-directed mutagenesis, we created two LAF1 mutants, W87A and R97A. Compared with wild type, LAF1 binding to HFR1 in vitro was much weaker in LAF1(W87A) and LAF1(N), and not detectable with LAF1(R97A) (Fig. 3C ). We conclude that amino acid residues 87 and 97 of LAF1 are important for HFR1 association and the R97A mutation completely abolishes interaction in vitro.
We generated double transgenic plants coexpressing LAF1-6Myc or LAF1(R97A)-6Myc and HFR1-3HA. Both proteins were unstable in transgenic plants, but their expression levels can be increased by MG132, which blocks 26S proteasomes (Fig. 3D) . Immunoprecipitation of HFR1-3HA pulled down LAF1-6Myc, indicating that the two factors associate in vivo. Consistent with the in vitro interaction results, this LAF1/HFR1 association was dependent on amino acid R97 of LAF1 (Fig. 3D) . Interestingly, the R97 mutation did not affect LAF1 localization to nuclear bodies ( Supplementary Fig. S2 ), indicating that HFR1 interaction is not needed for this process.
LAF1/HFR1 association reduces ubiquitination by COP1
Both LAF1 (Seo et al. 2003) and HFR1 (Jang et al. 2005; Yang et al. 2005 ) have been shown to be COP1 substrates in vitro. We considered the possibility that interaction of the two substrates may somehow affect their ubiquitination by COP1. To test this possibility, we examined the effects of increasing concentrations of one factor on COP1-mediated ubiquitination of the other. Figure 4A shows that increasing concentrations of LAF1 attenuated polyubiquitination of HFR1 and vice versa. This attenuation was not seen with the noninteracting LAF1(R97A) mutant (Fig. 4B) . Together, these results show that LAF1/HFR1 association reduces their polyubiquitination by COP1.
Complementation of laf1 mutation
Previous work showed that HFR1-3HA can complement the deficiency of the hfr1-201 mutant (Jang et al. 2005) . To examine the activity of a similarly tagged LAF1 in transgenic plants, we transformed laf1 with 35S-LAF1-3HA and also with 35S-LAF1(R97A)-3HA, and five independent lines were analyzed for each construct. Figure 5 shows that the hypocotyl length of laf1 can be restored to near wild-type levels by expression of wild-type LAF1-3HA. Similar complementation was observed with the noninteracting mutant, LAF1(R97A)-3HA, expressed at a similar protein level, except that the mutant was less efficient than wild-type LAF1-3HA. In all cases, the protein products of the transgenes in all the five lines for each construct were expressed at comparable levels ( Fig.  5B ). These experiments show that appending an epitope at the C terminus of LAF1 does not compromise its biological activity. Moreover, LAF1(R97A), which does not interact with HFR1, was still able to complement the mutation, albeit with reduced efficiency.
Using specific HFR1 antibodies for in vivo pull-down assays, we showed that wild-type LAF1-3HA but not its R97 mutant interacted with the endogenous HFR1 (Fig.  5C ).
LAF1/HFR1 interaction stabilizes HFR1 levels
The observation that epitope-tagged HFR1 and LAF1 still retain their biological activities allowed us to use double transgenic plants expressing these two factors to investigate the consequence of their interaction in vivo. If LAF1/HFR1 association inhibits HFR1 ubiquitination by COP1, we would expect HFR1 to be stabilized in vivo by this association. To examine this issue with appropriate internal controls, we generated double transgenic plants expressing HFR1-3HA and inducible LAF1-6Myc and selected two lines for further analysis. We treated transgenic seedlings with low concentrations of MG132 to accumulate low levels of HFR1 to establish a baseline for comparison (Fig. 6A) . Figure 6A , panel a, shows that induced expression of LAF1-6Myc increased HFR1 levels by two to five times depending on the transgenic line, and under this condition, there was no change in levels of COP1 nor phyA. Northern blot analysis confirmed that HFR1 transcript remained at similar levels with or without inducer treatment (Fig. 6A, panel b) . laf1, and HFR1RNAi/ laf1 . Expression levels of each gene and rRNA shown in A were quantified using the program Image Gauge version 3.12 (Fuji) of a PhosphorImage analyzer and normalized to D in the Col sample.
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We performed control experiments using transgenic plants expressing HFR1-3HA and inducible LAF1(R97A)-6Myc, which was unable to interact with HFR1 (Fig. 3) . In contrast to wild-type LAF1, induced expression of the noninteracting LAF1(R97A) did not significantly alter HFR1 levels (Fig. 6B, panel a) . Additional control experiments showed that LAF1 expression had a small stabilization effect on HFR1(C)-3HA, which already accumulated to high levels in the absence of MG132 (Fig. 6B,  panel b) .
To investigate the phenotypic consequence of LAF1/ HFR1 interaction, we compared seedling phenotypes of double overexpressors with single overexpressors. Figure  6C , panel a confirmed previous data that overexpression of neither HFR1 nor LAF1 alone produced FR hypersensitivity. In contrast, FR hypersensitivity was obtained in plants expressing the two factors, and this effect was seen in three independent transgenic lines. Western blot analysis showed that HFR1-6Myc and LAF1-3HA were present in the coexpressing plants, although the levels were substantially increased with MG132, indicating continued degradation (Fig. 6C, panel b) . Control experiments showed that in plants expressing 35S-HFR1-6Myc, coexpression of LAF1(R97A)-3HA to comparable levels as the wild-type LAF1-3HA (Fig. 6C , panels b,c; Supplementary Fig. S4 ) did not confer FR hypersensitivity, indicating the requirement of LAF1/HFR1 interaction for enhanced photoresponses.
Regulated post-translational degradation of LAF1 and HFR1
We have previously shown that HFR1 is degraded posttranslationally with a half-life of ∼1 h (Jang et al. 2005) . Figure 7A confirms this observation and, in addition, demonstrates that the half-life of HFR1 decay can be prolonged to 2 h upon induced LAF1 expression. Similar experiments using cycloheximide to block new protein synthesis showed that the LAF1 post-translational degradation half-life (∼1 h) was similarly prolonged to 2-3 h in the presence of coexpressed HFR1. As a negative control, we examined the effects of induced expression of the noninteracting mutant LAF1(R97A). Figure 7B , panel a, shows that the HFR1 decay rate was not significantly altered by induced expression of LAF1(R97A), indicating the requirement of LAF1/HFR1 interaction to delay HFR1 degradation. Note that the decay rate of LAF1(R97A) was ∼1-2 h, irrespective of the presence of HFR1 (Fig. 7B, panel b) .
Using antibody to HFR1, we also investigated the post-translational fate of endogenous HFR1 in wildtype and transgenic plants deficient in LAF1. Figure 7C shows that the HFR1 half-life was reduced in LAF1RNAi plants compared with wild type, indicating that a deficiency in LAF1 destabilized the endogenous HFR1. Because we were unsuccessful in preparing antibody to LAF1, we compared the decay rate of transgenic LAF1-3HA, rather than the endogenous LAF1, in wild type and hfr1-201. Similar to the case of HFR1, the LAF1-3HA half-life was also reduced by the absence of HFR1. Taken together, these results provide additional evidence that the stability of one factor is decreased in the absence of its interacting partner in the endogenous setting.
Discussion
LAF1 and HFR1 regulate largely independent pathways
Genetic screens for phyA signaling mutants have been largely based on seedling morphology under FR light. Wild-type seedlings grown under FR are deetiolated and have expanded cotyledons and short hypocotyls, whereas seedlings of a phyA-null mutant are completely insensitive to FR light and remain etiolated with folded cotyledons and long hypocotyls. The use of these criteria for a block in phyA signal transduction-i.e., FR hyposensitivity-has resulted in the isolation and characterization of >10 mutants deficient, but not totally blocked, in FR responses. The phenotype of all of these mutants is not as severe as that of a phyA-null mutant. Although mutant hypocotyls are longer than wild-type hypocotyls under FR light, they are not as long as those of a phyAnull mutant. This result suggests that phyA signals may be distributed via several branches downstream from the photoreceptor, each of which contributes to an inhibition of hypocotyl elongation. This notion has received some support from the analysis of double mutants. Kim et al. (2002) showed that the hy5-1hfr1-201 double mutant has hypocotyls longer than those of the two single mutants hfr1-201 and hy5-1. Here, we have extended the analysis to laf1 and hfr1-201 and shown that the double mutant (hfr1laf1) also has an additive phenotype of the two single mutants, indicating that LAF1 and HFR1 regulate largely independent pathways. We note that seedling hypocotyls of either the hy5-1hfr1-201 (Kim et al. 2002) or the hfr1laf1 double mutant are still shorter than those of a phyA-null mutant (Fig. 1) , suggesting the contribution of additional positive factors in FR-mediated inhibition of hypocotyl elongation. Whether LAF1 and HY5 act in the same or different pathway downstream from the phyA photoreceptor awaits future analysis of laf1hy5 double mutants.
Expression analysis of selected FR-responsive genes-CAB, RBCS, and FNR-confirmed the additive molecular phenotype of the hfr1laf1 double mutant (Fig. 2) . Transcript levels of each of these three genes are lower in the double mutant compared with those in the single mutants. The regulation of CHS is clearly different from that of CAB, RBCS, and FNR. Soh et al. (2000) previously reported that CHS transcript levels are elevated in hfr1-201, and this observation is confirmed by our results. Together, they indicate that HFR1 acts as a negative regulator of CHS expression. On the other hand, LAF1 is a positive regulator for CHS expression since transcript levels of this gene are depressed in laf1.
Although our analysis indicates that LAF1 and HFR1 regulate largely independent pathways downstream from the photoreceptor, we cannot rule out the possibility that a portion of the two factors may also function in a shared pathway that contributes to the photoresponses. This is because the phenotype attributed to the shared pathway, which is nonadditive, will be masked in the double mutant by the phenotypes of the independent pathways, which are additive.
LAF1 interacts with HFR1
Previous reports of MYB/bHLH interaction in plant anthocyanin biosynthesis (Goff et al. 1992; Grotewold et al. 2000; Zimmermann et al. 2004; Quattrocchio et al. 2006) have prompted us to examine whether LAF1 (MYB) would interact with HFR1 (bHLH) in phyA signaling. In vitro studies showed that LAF1 indeed interacts with HFR1, and this interaction is dependent on the R97 residue in the LAF1 R3 domain (Fig. 3) . This result confirms previous findings that the R3 domain of MYB is needed for bHLH interaction (Grotewold et al. 2000; Zimmermann et al. 2004 ). In vivo pull-down assays support the notion that the LAF1/HFR1 interaction observed in vitro has physiological relevance. LAF1, but not the noninteracting mutant LAF1(R97A), could be coimmunoprecipitated with endogenous HFR1 as well as transgenic HFR1-3HA (Figs. 3D, 5C [panel b] ).
The Arabidopsis genome contains two myb factors, AtMyb5 and AtMyb75, with high sequence homology with LAF1 in the R2R3 region. AtMyb75 is also known as PAP1, which associates with the bHLH protein EGL3 in mediating trichome development (Zhang et al. 2003) . In view of our results here, it is possible that PAP1/EGL3 association may also enhance factor stability. The function of AtMyb5 is unknown. Whether AtMyb5 might interact with HFR1 or other bHLH proteins in the context of other signaling pathways is a subject of future investigation.
Transient expression assays show that LAF1 and HFR1 colocalize in nuclear bodies, and the localization of LAF1 is not affected by the R97 mutation. These results indi- ). Tubulin levels were used as loading controls. Note that LAF1(R97A)-3HA has a faster mobility than LAF1-3HA. As these samples were analyzed on the same blot, their signal strengths can be directly compared. ) for 12 h were immunoprecipitated with anti-HA. Four-day-old 35SϻLAF1-3HA seedlings grown in darkness were used as a control. Input proteins and the immunoprecipitates were separated on 10% SDS-polyacrylamide gels, blotted onto membranes, and detected with anti-HA and anti-HFR1 antibodies. Input refers to the starting protein amount in extracts used for immunoprecipitation reactions. The arrowhead indicates the cross-reaction with the heavy chain of the protein A-conjugated antibody.
cate that LAF1/HFR1 interaction is not needed for nuclear body localization. Note that the colocalization of LAF1/COP1 and of HFR1/COP1 in such nuclear bodies has been previously reported (Seo et al. 2003; Jang et al. 2005) .
In addition to the MYB/bHLH interaction for anthocyanin biosynthesis (Goff et al. 1992; Grotewold et al. 2000; Zimmermann et al. 2004; Quattrocchio et al. 2006) and the LAF1/HFR1 interaction for phyA responses described here, MYB/bHLH complexes have been implicated in the regulation of gene expression in other systems as well. Kaspar et al. (2005) reported that c-Myb directly interacts with MyoD, a bHLH factor, to repress differentiation of myoblasts, and Agarwal et al. (2006) found that the MYB15/ICE1(bHLH) complex binds to cis-elements upstream of CBF promoters to mediate cold responses of Arabidopsis. It should be pointed out that both LAF1 and HFR1 bind to the COP1 E3 ligase, which contains WD40 repeats (Seo et al. 2003; Jang et al. 2005) , and with respect to this finding, a MYB/bHLH/WD40 protein complex has been shown to specify epidermal cell fate (Ramsay and Glover 2005) . ). Tubulin levels were used as loading controls.
HFR1/LAF1 association stabilizes both factors and confers FR hypersensitivity
The association of LAF1 with HFR1 raises the question of the physiological relevance of the protein complex in phyA signaling. These two positive regulators have been identified as substrates of the COP1 E3 ligase, and their degradation in FR likely operates to desensitize phyA signals (Seo et al. 2003; Jang et al. 2005; Yang et al. 2005) . We examined the effects of LAF1 on the ubiquitination of HFR1 mediated by COP1 and vice versa and found that LAF1/HFR1 interaction depresses ubiquitination of both factors in vitro (Fig. 4) . Consistent with the in vitro results, analysis of endogenous HFR1 in LAF1RNAi plants showed a faster post-translational degradation in plants deficient in LAF1 compared with wild type. Moreover, the stability of transgenic HFR1-3HA can be enhanced by the coexpression of wild-type LAF1 but not the noninteracting mutant LAF1(R97A) (Fig. 7) , which nonetheless can still complement the laf1 mutation but with reduced efficiency (Fig. 5) . Similarly, the post-translational degradation rate of LAF1 is increased in hfr1-201 compared with wild type but delayed in plants with coexpressed HFR1 (Fig. 7) . These results are similar to those reported for the Myc oncoprotein, which forms a ternary complex with the zinc finger protein Miz1 and the E3 ligase HectH9. It was found that Miz1 inhibits ubiquitination of Myc by HectH9 E3 ligase through competition for binding to the latter (Adhikary et al. 2005) .
To elucidate the physiological impact of LAF1/HFR1 association, we analyzed seedling phenotypes of transgenic plants. We found that double transgenic plants expressing LAF1 and HFR1 are hypersensitive to FR (shorter hypocotyls) compared with wild-type plants. In contrast, plants expressing LAF1(R97A) and HFR1 are like wild type, with no FR hypersensitivity. The increased photosensitivity can be explained by the stabilization of LAF1 and HFR1 resulting in higher factor ex- ). Proteins were extracted at the indicated times and analyzed by Western blotting using anti-HA or anti-Myc antibodies. Tubulin levels were used as loading controls. Expression levels of HFR1 and tubulin were measured using the program Image Gauge version 3.12 (Fuji), and the values were normalized to 0 time in the "−" inducer or "+" inducer sample of both panels. pression levels to promote greater photoresponses. The reduced capacity of the noninteracting mutant LAF1(R97A) as compared with wild-type LAF1 to complement the laf1 mutation also supports this view (Fig. 5) . Future work should address whether the LAF1/ HFR1 complex may bind to and activate novel cis-elements upstream of FR-responsive promoters.
Materials and methods
Plant material, growth conditions, and production of transgenic plants
The wild-type Columbia (Col) and Landsberg erecta (Ler) ecotypes of Arabidopsis thaliana, hfr1-201 (in the Col background) (Soh et al. 2000) , and laf1 (in the Ler background) (Ballesteros et al. 2001 ) were used in this study. Conditions for plant growth and FR irradiation were described by Bolle et al. (2000) , and the following FR fluence rates were used: 1, 1.5, 3, 6, and 10 µmol/m 2 /sec. Plants were transformed by the Agrobacterium strain EHA105 using the floral dip method (Clough and Bent 1998) .
Construction of LAF1RNAi/hfr1-201 and HFR1RNAi/laf1
The mutants hfr1-201 (Col) and laf1 (Ler) are in different ecotypes, and they both contain a kanamycin-resistance marker. To avoid potential issues with ecotypic differences in photoresponses, we used hairpin RNA to silence either HFR1 or LAF1 in the appropriate mutant background. The LAF1-RNAi contained ∼500 base pairs (bp), whereas the HFR1-RNAi construct contained ∼350 bp. DNA fragments were amplified by PCR using the following oligo sets: 5Ј-CACCGCTCAAGTCT-CAGAGCTTAC-3Ј and 5Ј-ACGTCGTTGTTGATGGAGAA-3Ј for LAF1-RNAi, and 5Ј-CACCTGCGTAAGCTACAGCAACTC-3Ј and 5Ј-CGTGAAGAGACTGAGGAGAA-3Ј for HFR1-RNAi. PCR-amplified DNA fragments were cloned into pENTR/D, followed by LR reaction with pBA-DC-RNAi to generate pBARNAi-LAF1 and pBA-RNAi-HFR1, which confer Basta resistance. These RNAi constructs were transformed into wild-type (Col or Ler) or mutant (hfr1-201 or laf1) backgrounds. Homozygous T3 Basta-and kanamycin-resistant double mutants were selected and used for further analysis.
RNA extraction, RT-PCR, and Northern blot hybridization
Total RNA was extracted from Arabidopsis seedlings using Qiagen RNeasy Plant Mini Kits (Qiagen). Reverse transcription was performed using the SuperScript II RT kit (Invitrogen) according to the manufacturer's instructions.
RT-PCR was performed as described (Hare et al. 2003a ). The oligonucleotides were as follows: 5Ј-TTCTTGCTGGACCACT GTTC-3Ј and 5Ј-ACGTCGTTGTTGATGGAGAA-3Ј for LAF1 amplification, 5Ј-GTCGGATCACTTGCTGTGAA-3Ј and 5Ј-CGTGAAGAGACTGAGGAGAA-3Ј for HFR1 amplification, and 5Ј-GGACAAGCTGGGATCCAGG-3Ј and 5Ј-CGTCTCCA CCTTCAGCACC-3Ј for Tubulin (Tub) amplification.
Northern blot analysis was performed as described previously (Jang et al. 2005 ) using HFR1, CAB, FNR, RBCS, and CHS probes identical to those described elsewhere (Soh et al. 2000; Ballesteros et al. 2001; Møller et al. 2001) .
Vector construction and site-directed mutagenesis of LAF1
Plasmids encoding MBP-COP1, MBP-HFR1, and MBP-HFR1(C) for protein expression in Escherichia coli and plasmids encoding 35S-HFR1-3HA, 35S-HFR1-6Myc, and 35S-HFR1(C)-3HA for protein expression in plants were described previously (Jang et al. 2005) . Most constructs except GST-tagged vectors in this study were made using the Gateway system (Invitrogen). Construction of these destination vectors has been described elsewhere (Zhang et al. 2005) . HFR1(N) contains amino acids 1-101 of HFR1, and LAF1(N) contains amino acids 1-160 of LAF1. DNA sequences encoding these regions were amplified by PCR using full-length cDNAs of HFR1 (Jang et al. 2005 ) and LAF1 (Ballesteros et al. 2001) . cDNA encoding full-length PAT1 was amplified by PCR to generate pMBP-DC-PAT1. All cDNA or DNA fragments were cloned in pENTR/D vector (Invitrogen) and then transferred into the appropriate vectors by recombination using the LR Clonase enzyme according to the manufacturer's instructions (Invitrogen).
To generate LAF1 mutant genes (W87A or R97A), site-directed mutagenesis was performed using the QuikChange sitedirected mutagenesis kit (Stratagene), pENTR-LAF1 as a template, and the following primer sets: 5Ј-TCTTCCTTGGGTAA CAAGGCGTCGCAAATAGCTAAATTC-3Ј and 5Ј-GAATTT AGCTATTTGCGACGCCTTGTTACCCAAGGAAGA-3Ј for LAF1(W87A), and 5Ј-GCTAAATTCTTACCGGGAGCAACAG ACAATGAGATAAAG-3Ј and 5Ј-CTTTATCTCATTGTCTGT TGCTCCCGGTAAGAATTTAGC-3Ј for LAF1(R97A). After mutagenesis of LAF1, the mutant genes were used as a template for PCR reaction and cloned in a pENTR/D vector, followed by LR reaction to generate pMBP-DC-LAF1(W87A) and pMBP-DC-LAF1(R97A).
cDNAs encoding full-length HFR1, LAF1, and LAF1(R97A) were amplified by PCR and inserted into pGEX-4T-1 (Amersham Biosciences) to generate pGST-HFR1, pGST-LAF1, and pGST-LAF1(R97A), respectively. All constructs used in this study were verified by sequencing.
Preparation of recombinant proteins
Recombinant proteins were expressed in E. coli and purified from bacterial extracts as described (Jang et al. 2005) .
In vitro pull-down, in vitro ubiquitination assays, and in vivo coimmunoprecipitation
Experimental procedures were essentially as described before (Jang et al. 2005) . For in vitro pull-down assays, the reaction mix was incubated with glutathione Sepharose 4B for 2 h. After washing with buffer (50 mM Tris-HCl at pH 7.5, 100 mM NaCl, 0.6% Triton X-100), pulled-down proteins were separated on 10% SDS-polyacrylamide gels and were detected by Western blotting using anti-MBP antibody (Santa Cruz Biotechnology).
For in vitro ubiquitination assays, each reaction mixture (30 µL) contained ∼100 ng of protein substrate (MBP-HFR1-3HA), 20 ng of rabbit E1 (Boston Biochem), 20 ng of human E2 UbcH5b (Boston Biochem), 10 µg of His 6 -ubiquitin (Sigma), and 200 ng of E3 (MBP-COP1) with or without GST-LAF1 or GST-LAF1(R97A).
Reactions were carried out for 2 h at 30°C. Ten microliters of the reaction mixtures were separated on 8% SDS-polyacrylamide gels, and ubiquitinated MBP-HFR1-3HA and GST-LAF1 or GST-LAF1(R97A) were detected by Western blotting with anti-HA (Santa Cruz Biotechnology) and anti-GST (Sigma) antibodies, respectively.
For in vivo coimmunoprecipitation, 10-d-old double transgenic Arabidopsis seedlings [35S-HFR1-3HA and XVE-LAF1-6Myc or 35S-HFR1-3HA and XVE-LAF1(R97A)-6Myc] treated with MG132 (50 µM) plus ␤-estradiol (10 µM) for 16 h were used. Five micrograms of anti-HA monoclonal (Santa Cruz Biotechnology) antibody were used for coimmunoprecipitation, and eluted proteins were analyzed by Western blotting using anti-HA, and anti-Myc (Santa Cruz Biotechnology) antibodies.
HFR1 antibody production
We generated polyclonal HFR1 antibody using MBP-HFR1 protein. Specific HFR1 antibody was partially purified from rabbit serum using GST-HFR1 protein.
Subcellular localization experiment, protein extraction, and Western blotting
The subcellular localization experiment, protein extraction, and Western blot analysis were identical to those described by Jang et al. (2005) .
